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A B S T R A C T

Advanced ceramics printed with photon-based additive manufacturing deals with anisotropic mechanical
properties from the layer-by-layer manufacturing. Motivated by the success in using highly filled transparent
slurries containing nanoparticles for powder-based two-photon-polymerization (2PP) for advanced ceramic
printing, this works approach is the transfer to Xolography, a volumetric additive manufacturing technology
based on linear two-photon excitation and without recoating steps. This paper reports the results of a preliminary
investigation optimizing the photocurable slurry to the requirements of Xolography in terms of transparency,
over a significantly larger mean free path, compared to 2PP. A feedstock filled with 70 % weight fraction of
ceramic particles (~30 vol%) exhibiting an exceptionally high degree of transparency in the relevant wavelength
range of 400–800 nm was prepared from 5 nm zirconia nanoparticles. The high transparency of the photocurable
slurry is attributed to the near-monomodal particle size distribution of the zirconia nanoparticles used.

1. Introduction

Additive manufacturing (AM) of technical ceramics relies on
powder-based processing routes to achieve parts possessing ceramic-
typic mechanical, chemical, electrical and optical properties at all
manufacturing scales. Vat Photo-Polymerization (VPP) technologies [1]
promise high accuracy and are adapted to water-based [2] and organic
slurries [3,4] highly filled with a wide range of ceramic particles from
Alumina [2,4,5], Zirconia [6,7] and Piezo-ceramics [8] to Nitrides [3,9].
Lithography-based Ceramic Manufacturing (LCM) [10] currently offers
a wide range of applicable ceramic slurries. These light-based printing
technologies need to deal with the light scattering by ceramic particles
in the organic photocurable resins. An accurate but time-consuming
layer-by-layer recoating of thin slurry layers can compensate low
curing depths and inaccuracies from light scattering [11,12] in single
beam Stereolithography (SLA) or Digital Light Processing (DLP).

For AM of ceramics [1], Volumetric Additive Manufacturing is
particularly interesting, as filigree structures can be generated avoiding

the formation of interfaces between adjacent layers, in contrast to con-
ventional layer-by-layer approaches, This should lead to stronger
ceramic parts, as the interface between the layers acts as a source of
defects, reducing the reliability of the material [13,14]. Moreover,
complex components such as a ball-in-a-cage, can be directly obtained
without the use of sacrificial supports. Recently, it has been shown that
SiOC ceramics can be produced by the use of photocurable solutions
containing transparent preceramic polymers in Xolography [15]. The
respective use of colloidal silica particles has also been achieved to
demonstrate silica glass printing, using computed axial lithography [16,
17]. Volumetric particle loadings from 18 to 40 % were used, but it
should be pointed out that silica has a refractive index rather similar to
that of the photocurable liquid mixture. Indeed, to fabricate components
based on a technical ceramic like zirconia with high three-dimensional
resolution using volumetric additive manufacturing technologies, the
optical properties of the slurries, mainly a high transparency, is pivotal.
By utilizing ultra-fine and highly dispersed 5 nm nanoparticles it was
demonstrated that light scattering of the slurries could be vastly
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reduced. This rendered fabrication by two-photon-polymerization (2PP)
feasible, which had previously not been possible due to the severe light
scattering in particle-containing conventional ceramic slurries [18].
Yttria stabilized zirconia (YSZ) ceramic structures with an unmatched
resolution of 500 nm and outstanding mechanical properties were ob-
tained [18,19]. 2PP possesses the highest volumetric resolution and
accuracy of all technologies, but also the lowest build-up rate and the
smallest printing envelope. Higher building rates are obtained with
holographic [20] and tomographic [16,17] imaging technologies. These
technologies use one excitation wavelength and therefore rely on con-
ventional photoinitiators. Localization of the polymerization is achieved
by balancing activating light dose and chemical inhibition.

The present study follows the concept of transparent nano sized
particle filled resins and aims at transferring it to the Xolography tech-
nology, recently developed for acrylic photopolymers by xolo GmbH,
Berlin, Germany [21]. Xolography is a linear volumetric AM technology,
which relies on novel dual-color photoinitiators. These molecules are
typically activated by UV light, in this setup provided by a 405 nm laser
beam within a thin light sheet, inducing an efficient photoisomerization
leading to another ground-state species characterized by high absor-
bance in the visible range of the electromagnetic spectrum. A visible
light projection (450–650 nm) focused on this UV light sheet can
selectively excite the activated photoinitiator molecules which results in
localized photopolymerization inside a confinedmonomer volume.With
a mean lifetime of a few seconds, the activated photoinitiator is deac-
tivated by a thermal isomerization back to the initial state. By contin-
uously moving the activating UV light sheet through the
photopolymerizable resin and focusing with visible light a video pro-
jection on it, free-form structures can be directly inscribed into the
volume of the liquid resin, avoiding the time-consuming feedstock
dispersion in a layer-by-layer process intrinsic to most common
AM-technologies. This fact also offers the possibility for continuous
processing and up-scaling [22], as the printed parts are not connected to
any sort of base plate or stage. On the contrary, attaching structures
purposely to the cuvette walls allows precise positioning after e.g. a first
washing step. In this way multiple resins can be processed inside the
same cuvette enabling multimaterial AM [23]. For more details on the
Xolography technology see Ref. [21].

Generally, ceramic materials offer a wide optical window of trans-
parency, typically ranging from a wavelength below 0.3 μm–5 μm [24,
25]. Yet, the optical properties of ceramic suspensions are governed by
light scattering [26,27]. Predicting their optical properties requires a
precise knowledge of the complex index of refraction ñ = n + iK of the
ceramic material and the liquid phase, where ñ is depending on the
optical constants n (refractive index) and K (extinction coefficient). In
the case of ceramic suspensions, scattering takes place at the interface
between the liquid phase and powder particles, according to the dif-
ference in refractive index. Absorption can occur within both the
ceramic material and the liquid phase, and is expressed by K, i.e., the
imaginary part of ñ. K is a material constant and indicates the amount of
the absorption loss when an electromagnetic wave propagates through a
material. K is directly proportional to the absorption coefficient α in
Lambert-Beer’s law of absorption I(x) = I0 exp(-αx), with I0 the intensity
of the incident light and I(x) the intensity of the light after passing a
given length x through the material. Typically, K, α and n depend on the
wavelength of the incident light. For a successful application of Xolog-
raphy to ceramic suspensions, a high transmissivity at about 400–800
nm is mandatory, requiring low K at this wavelength range. Pure zir-
conia single crystals have a high transparency between 260 and 700 nm
and therefore they should be suitable for Xolography [28]. However,
even when K is close to zero and light absorption is negligible, the
interaction of light with a ceramic suspension is still affected by scat-
tering. In this case, the corresponding real part of ñ of the ceramic
material and the liquid phase, and the particle size are the critical
parameters.

For particle sizes significantly larger than the wavelength of the

interacting light, scattering is governed by classical optics [29]. Ac-
cording to Fresnel’s formulas the difference in n of the ceramic material
(for zirconia n = 2.2) and the liquid phase of the resin, comprised of
monomer, solvent, photoinitiator, etc. (n < 1.5) results in a significant
reflection at the interface between the ceramic particles and the liquid
phase. For particle sizes in the range of the wavelength of the interacting
light, light scattering is described by the MIE theory [26] and entire
particles can be considered as individual scattering centers [27,30]. For
both particle size regimes, the mean free path of photons in the volume
of ceramic suspensions strongly depends on the ceramic particle packing
density. For high solid loadings, as required for AM of ceramics, the
mean free path is in the range of the wavelength of the incident light,
even when the ceramic material absorption coefficient is close to zero.
On the other hand, particles about ten times smaller than the wave-
length of the interacting light are not recognized as individual scattering
centers by the incident electromagnetic wave. Only their concentration
affects the refractive index of the suspension by averaging the volume
percentages weighted according to the respective refractive indices.
Consequently, in this particle size regime, transmission of light through
a ceramic suspension is possible.

The present communication is taking advantage of this fact, as
already demonstrated for 2PP, and by the preparation of ceramic sus-
pensions utilizing commercially available zirconia nanoparticles with a
size of 5 nm, concentrated feedstocks exhibiting an exceptionally high
degree of transparency in the relevant wavelength range of 400–800 nm.
A possible synthesis route for them is described in Ref. [31].

2. Experimental

2.1. Material preparation

The photocurable feedstock for the Xolography process contained
diurethane dimethacrylate (UDMA; CAS: 72869-86-4; Genomer 4247 by
Rahn) and 4-acryloylmorpholine (ACMO, Rahn) which acts as reactive
co-monomer and strengthens the polymer network (Sigma–Aldrich). 70
wt% of tetragonal zirconia nanoparticles dispersed in ethyl acetate (V-
10-D, nanoBinder, CeraNovis GmbH, Saarbrücken, Germany) were
added to the polymer followed by vacuum assisted solvent removal. 1 wt
% related to the polymer content of each camphor (96 %, Sigma-
Aldrich) and Triton™ X-100 (laboratory grade, Sigma Aldrich) were
added to facilitate degassing during debinding and to adjust the
dispersing agent to an organic matrix. 4-methoxyphenol (MEHQ, 99 %,
Sigma-Aldrich) was added at 0.05 to 0.1 wt% as inhibitor to prevent
uncontrolled polymerization caused by catalysis at the nanoparticle
sites. 0.3 wt% photoinitiator (XC-471, xolo GmbH) was dissolved in N-
methyldiethanolamine (MDEA, ≥99 %, Sigma-Aldrich). Furthermore,
yttria-stabilized zirconia (YSZ, 3mol% yttria) suspensions with a larger
size distribution were also investigated (nanoBinder, CeraNovis GmbH).
In the following, the feedstocks for Xolography will be denoted as resins.
From a ceramics processing point of view, they could also be denoted as
slurries or suspension, but the term resin appears more appropriate
considering their use as a photocurable system. The composition of the
resins is reported in Table 1. For homogenization, the resin was mixed at
different stages in a Hauschild SpeedMixer® DAC 600.2 VAC-P dual
asymmetric centrifuge mixer.

2.2. Xolography printing setup

The resin was placed inside a single use UV-transparent cuvette
(Brand GmbH) with base size of 10× 10mm2 and a height of 35 mm and
centrifuged to eliminate gas bubbles. The CAD models were sliced at 5
μm slice thickness and processed to print files using the software xolid
from Xolo GmbH.

While the intensity of the visible light projection is set to its
maximum per default, untested photopolymer formulations require
careful screening of optimal print parameters in terms of printing speed,
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i.e., the forward movement of the UV light sheet, and the UV laser di-
odes’ intensity or, more meaningful to the initiation of polymerization,
their energy dose.

Print speeds between 0.5 mm/min and 5 mm/min were tested by
printing small test plates of 1 mm thickness in the printing direction (see
Fig. 4B), varying the UV energy dose. This parameter is given in mJ/
mm2 and reflects the amount of UV photons within the light sheet
(approximating it as 2D, being a plane) penetrating through the vat
during the print. Some energy doses are too low to generate enough
activated photoinitiator, and thus no starting radicals are available for
crosslinking and solidifying the resin. Then there is a range of energy
doses that is just adequate to generate enough starting radicals for a
controlled polymerization. At very high UV doses, undesired over-
polymerization is observed. For the resins investigated, an optimal
parameter set was determined to be at a speed of 2–3 mm/min and an
UV energy dose of 8–10 mJ/mm2. Printed structures were carefully

extracted from the cuvettes and washed using a mixture of isopropanol
(>99.5 %, Sigma–Aldrich) and tri(propylenglycol)methylether (For-
mlabs Inc.) to remove uncured material and were later postcured for 6

Table 1
Composition of the resin employed with Xolography.

Chemical Weight Fraction [wt%] Volume Fraction
[vol%]

V-10-D 50–70 70 wt% = 30 vol
%

UDMA +

ACMO
20-30 (ACMO:UDMA = 1:10) Ca. 60

Camphor 1 related to UDMA + ACMO (100 mg/ml
suspension in isopropanol)

MEHQ 0.05–0.1 related to UDMA + ACMO (100 mg/
ml suspension in isopropanol)

XC 471 0.01–0.015 related to UDMA + ACMO (5 mg/
1.666 g MDEA)

MDEA 1-5 related to UDMA + ACMO 3–4

Fig. 1. Photos through a 10 mmmicro cuvette and transmission curves of 0.1 and 10 mm through the respective suspensions of: A,B) 45 wt% YSZ suspension used for
2PP and C, D) 40 wt% ZrO2 suspension with narrow particle size distribution. E, F) Xolography resin.

Fig. 2. A) Mean particle size by number of a YSZ suspension with mean particle
size of 5 nm as used for 2PP, and of an improved ZrO2 suspension with a narrow
particle size distribution of 5 nm.
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min using a UV-curing box (Asiga Flash Cure Box, Asiga, Japan).

2.3. Debinding, sintering

Thermal debinding was carried out simultaneously in vacuum ac-
cording to the following temperature profile: room temperature to
500 ◦C at 0.5 ◦C/min, followed by a dwelling of 1h and cooling down to
room temperature at 5 ◦C/min followed by a ramp to 800 ◦C at 1 ◦C/min
and dwelling for 1h.

2.4. Particle, resin and specimen characterization

Particle Size Measurement were conducted at CeraNOVIS GmbH
using DLS (Zetasizer, Malvern Instruments). UV–vis transmission mea-
surement of the feedstock inside a single use cuvette was performed
using a StellarNet Inc. BLACKComet C-50 spectrometer with a SL5
deuterium halogen light source. Additional measurements such as Ab-
sorption, were carried out with UV–vis spectrophotometer (Cary 50
Varian Inc./Agilent Technologies). Pictures of printed, debinded and
sintered samples were taken using an optical microscope (VHX-7000,
Keyence Corp.).

TGA-measurements were conducted using a TGA/DSC 3 + system
(Mettler-Toledo S.p.A., Italy) at a heating rate of 10 ◦C/min− 1, in static
air. X-ray diffraction (XRD 3000 PTS, Seifert now GE Inspection Tech-
nologies GmbH, Germany) was employed to investigate the phase
assemblage.

3. Results and discussion

High transparency is the principal property that a ceramic photoc-
urable resin must possess to enable its successful use in Xolography.
Fig. 1A shows that the brownish YSZ-suspension, suitable for two-
photon-polymerization, does not have sufficient transparency for
Xolography. This can be related to the coloring effect of the 3 mol%
yttria present. Though coloring results in absorption, and is, thus, a
different physical effect than light scattering, technologically it has the
same effect, as it attenuates the light intensity.

The most critical parameter for optimizing optical transparency is
the particle size distribution of the ceramic material used. Fig. 2 reports
the particle size distributions of the zirconia suspensions used to prepare
the resins for 2PP and Xolography. It can be clearly seen that the

standard yttria stabilized zirconia suspension (YSZ 5 nm), suitable for
2PP, had a particle size distribution with a significant fraction of parti-
cles larger than 50 nm and some particles even above 100 nm. Never-
theless, at small building envelopes of 0.1 mm3 and at 800 nm operating
wavelength for 2PP the transmittance is high enough to allow two-
photon-excitation, despite the brownish color of the resin (see also
Fig. 1A).

As a rule of thumb, particles should not exceed 1/10th of the
wavelength used. Approximately 99.5 % of the YSZ particles were
smaller than 80 nm (Fig. 2, red line), which leads to the assumption, that
a very small fraction of particles (roughly 0.5 %) negatively affects the
process by scattering the incoming light, but still allows for 2PP pro-
cessing at 100–500 μm working distance and 750–800 nm wavelength.

For Xolography, operating at minimum 400 nm, approximately 3 %
of particles are larger than 40 nm, causing too much scattering to suc-
cessfully use the resin. On the contrary, the improved zirconia suspen-
sion with narrower particle size distribution (Fig. 2, black line) shows no
significant particle fraction above 40 nm. Accordingly, the suspension
and the related resin for Xolography reveal a high transparency in the
relevant range of wavelengths.

To improve the optical properties of the photocurable resins, a zir-
conia suspension was specially tailored by CeraNovis GmbH, possessing
an even narrower particle size distribution and almost no particles larger
than 10 nm. Fig. 2B shows that the colorless, transparent suspension had
a significantly increased transmission over the entire spectral range
measured. The corresponding Xolography resins showed an exception-
ally high transmittance at 10 mm path length, even higher than the
original zirconia suspension used, compare Fig. 2B and C. Currently this
effect is not fully understood, but a straightforward explanation is that
the resin provides a better match between the refractive index of the
ceramic particles nzirconia = 2.16 [32] and the surrounding liquid phase,
with refractive index of UDMA nUDMA = 1.48 [33], while that of ethyl
acetate is nisopropanol = 1.38 [34].

Besides the optical properties, the chemical reactivity needs also to
be appropriate for the Xolography requirements, meaning that any
added chemical must not react with the photoinitiator prior to illumi-
nation. The change in the absorbance spectra during (Fig. 3A) and after
illumination (Fig. 3B) shows that a fraction of dormant photoinitiator in
its spiropyran form is converted during irradiation with UV light of 405
nm to the active visible light-absorbing merocyanine form, character-
ized by peak absorbance around 600 nm. In absence of a light stimulus,

Fig. 3. A) UV-induced isomerization of spiropyrane to Vis-absorbing (active) merocyanine photoinitiator and B) thermal deactivation/isomerization of the active
merocyanine photoinitiator to dormant spiropyrane species.
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the photodynamic equilibrium reaction collapses and the so-formed
merocyanine isomerizes thermally back to the dormant spiropyran
form to completion.

The active photoinitiator is visible as a red fluorescent line in the
cuvette (see arrow, Fig. 4A). The polymerization reaction results in
opaque, whitish objects with the desired shape (Fig. 4B and C), proving
that it was possible to devise formulations with enough transparency to
enable photocuring deep within the volume of the resins. A typical print
of 2–5 mm thickness takes only 3–7 min.

Specimens produced in the first trials showed good geometrical ac-
curacy, but in a matter of minutes additional overpolymerization
spontaneously occurred, e.g., filling the voids within the cellular struc-
ture (Fig. 4D) and could only be stopped by quick washing. Because of

this effect, the resulting samples lost almost all of their geometrical fi-
delity (Fig. 4E–F). The origin of this phenomenon is yet unknown, but it
might be connected to zirconia particles catalyzing the polymerization
reaction [35,36] or causing some kind of phosphorescence or afterglow
which can trigger the still activated photoinitiator [37]. The effect could
be controlled utilizing an inhibitor (MEHQ), which captures unwanted
radicals. However, the inhibitor concentration needs to be high enough
to prevent unwanted post-printing curing, but also raises the threshold
energy for the desired polymerization reaction. Higher UV energy is
therefore needed for the printing process of ceramic loaded resins.

A more general observation of the Xolography process using resins
filled with zirconia nanoparticles shows that the light-cured areas
(Fig. 4B–D) and produced 3-dimensional specimen (Fig. 5A–C) appear

Fig. 4. Xolography printing with resin containing 70 wt% ZrO2 nano-particles (5 nm) with narrow particle size distribution, A) active polymerization zone (UV light
blade) as red line; B) Xolo logo printed and C) wrench printed inside the cuvettes; D) as printed part; E-F) post-print overcuring observable minutes after the printing
until washing. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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opaque or translucent. In other words, the starting material loses its
transparency after it has been cross-linked. At present, this behavior is
not fully understood, but the colorless white appearance of the cross-
linked areas clearly indicate that light scattering is enhanced after
crosslinking. This phenomenon is also observed for other particle-
containing resins, e.g., silica nanoparticles or when co-monomers of
different polarity polymerize. Phase separation during polymerization is
very likely the cause for this phenomenon. It is known that photocurable
resins tend to shrink as a result of crosslinking [38]. During Xolography
printing, a UV beam is scanned across the x-z plane within the print
envelope using a rotatingmirror. Additionally, this plane is moved in the
y-direction to address the entire print volume. The process is therefore
quasi-continuous, but different positions in the volume are actually
activated at different times. This discontinuous cross-linking might lead
to an inhomogeneous density distribution within the cross-linked vol-
ume, which in turn would result in light scattering due to a modulation
of the refractive index. After building up parts by the Xolography process
and removal of excess resin by mild washing, a UV light soaking is
generally performed to increase the degree of crosslinking within the
part. Additional longer washing results into translucent specimens,
which leads to the assumption that a washable compound, which is not
covalently integrated into the polymer network, is the reason for the
whitish appearance of printed parts. During crosslinking, the shrinkage
and/or network formation of the mostly unpolar UDMA and ACMO
might cause a local demixing, most probably of the polar dispersing
agent TODS (3,6,9-Trioxadecane acid) and the co-initiator MDEA. Both
are not directly involved in the network formation but cannot escape

unless they are washed out (Fig. 5D–F). This viewpoint is supported by
the observation, that the parts do shrink as a result of this additional
washing, compare Fig. 5A–C and Fig. 4D–F.

The final post-printing steps to generate ceramic structures are
constituted by the debinding and sintering, and they hold their own
significant challenges. Besides the difficulty in successfully eliminating
the gases deriving from the decomposition of the organic components
within the samples without generating cracks, the phase transformation
occurring in the un-stabilized tetragonal phase of zirconia, which tends
to convert into the monoclinic phase with volume change, results in
crack formation. Indeed, no crack-free parts could be obtained by con-
ventional sintering. Vacuum-debinding (Fig. 5H) and Vacuum-sintering
(Fig. 5I) leads to integer but still slightly cracked specimens. Most of the
cracks are formed during debinding (up to 500 ◦C), as this is the process
with the highest volume loss, accompanied by a linear shrinkage of 32
%. UDMA follows a rather complex decomposition pathway with 4
peaks in the differentiated TGA curve (DTG) (supplementary figure
SF1). We assume UDMA decomposes gradually and therefore also loses
its mechanical integrity during debinding, which complicates the
formulation of the resin. Additional washing before the debinding
increased the instability during debinding even more.

During Vacuum-sintering, the specimen shrunk another 3 % in
length. The tetragonal to monoclinic zirconia phase transformation is
suspected to cause further cracking at annealing to higher temperatures
or switching to oxidizing sintering conditions. This has been confirmed
by XRD analysis (see supplementary figure SF2). The as-received
nanoparticles were mostly in the tetragonal phase. Due to the peak-

Fig. 5. Washed and post-cured opaque Xolography specimens of: A) wrench; B) 4 × 2 × 2 filled SchwarzP-structure from the top and C) the side. D-F) Once again
washed and translucent specimens. (A-F have the same scale bar). G) as-printed gear wheel, H) vacuum-debinded and I) vacuum-sintered.
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broadening, the orthorhombic [39] and cubic phases [40] might also be
present. After sintering at 800 ◦C, monoclinic peaks appear at 33 and 36◦
[2 theta], showing evidence for the damaging t-m transformation during
heating. Evidently, more work is required to successfully process the 3D
printed samples into defect-free ceramic components.

4. Discussion

This preliminary investigation demonstrates the opportunities and
challenges encountered when combining ceramic powder processing
with volumetric additive manufacturing (specifically, Xolography).

4.1. Ceramic process chain and materials requirements

To produce technical ceramic parts, e.g., based on zirconia or yttria
stabilized zirconia, using Xolography the process chain basically follows
that of two-photon-polymerization (2PP) [18,19]. Nanoparticles are
dispersed into a photocurable matrix (see Fig. 6) and an optimal mixture
results in a transparent and photocurable resin which can be printed.
After printing the three-dimensional object needs to be washed, debin-
ded and sintered to obtain a ceramic part.

In order to be processable by Xolography, as well as to undergo
subsequent debinding and sintering, the resin needs to possess the
following characteristics.

- a high viscosity in the range of some Pa⋅s, to avoid movements of the
part within the cuvette during printing and to retain the active
polymerization zone in the desired region;

- photocurable by the Xolography process, and chemically compatible
with xolo’s proprietary dual-color photoinitiator;

- high transparency in the wavelength range from 400 to 800 nm, with
an average free path penetration of at least 10 mm to enable printing
within the volume;

- high solid loading of ceramic particles, ideally >70 wt%, to reduce
shrinkage and the amount of organics to be decomposed during
debinding. In the present study resins with up to 70 wt% content of
zirconia particles were used, although successful volumetric printing
has been reported for slurries with a lower loading, also [16].

4.2. Fulfilled and unfulfilled requirements

It was demonstrated that light scattering at the process relevant
wavelengths within the volume of the ceramic filled resin could be

reduced to an acceptable value when using a photocurable resin con-
taining 70 wt% (30 vol%) of zirconia ceramic particles with a narrow
particle size distribution (see Fig. 6).

While successfully completing this first, non-trivial step, three-
dimensional objects with desired geometries and accuracy could be
printed. The observed phenomenon of spontaneous over-polymerization
in presence of zirconia nanoparticles could be suppressed by adding 4-
methoxyphenol to the resin, but it needs to be better controlled and
understood, and the formation of areas with different optical charac-
teristics (translucent vs opaque) within the printed samples should be
limited.

Additionally, we found that extracting the 3D printed parts from the
viscous resin requires the formation of a sufficiently strong and stiff
polymeric network within the parts. Furthermore, the washing proced-
ure to remove uncured resin from the photocured parts is also a
parameter that seemingly affects the geometrical definition and fidelity
of the resulting parts. An in-depth analysis of the eluate after washing
could reveal which chemical species are integrated into the polymeric
network and which ones are not.

Finally, a better control of the debinding and, especially, of the phase
transformation occurring in the tetragonal zirconia parts must be ach-
ieved before successfully completing the entire process chain trans-
forming a photocurable feedstock into a 3D printed ZrO2 part. A
comprehensive thermal analysis of the resin would provide insights into
the decomposition of all the different organic components and on the
zirconia weight fraction.

The missing stabilization effect of yttria [41] certainly plays a major
role in the unsuccessful attempt to obtain monolithic and crack-free
zirconia ceramic structures. Due to the use of an extreme fine powder,
their microstructure might differ from that of zirconia parts produced
with other additive or even conventional manufacturing techniques, but
regarding density and mechanical properties they should show compa-
rable properties. In this context, the extent to which the coloration of the
resin is affected by the addition of yttrium oxide will also need to be
further clarified.

5. Conclusions

The present communication demonstrates, for the first time, the
possibility of applying the Xolography linear volumetric printing tech-
nology to manufacture complex-shaped advanced ceramic green bodies
following the classical powder processing route. The effect of light
scattering on the ceramic (zirconia) particles in suspension was reduced

Fig. 6. Process chain starting from a nanoparticle suspension to resin, printing, debinding and sintering of 3-dimensional structures with Xolography. The table lists
the challenges, which have or haven’t been solved in this preliminary study.
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to a negligible level by the use of extremely well-dispersed nanoparticles
with a narrow, monomodal particle size distribution. The zirconia slurry
mixed with two different photopolymers, at a solid loading of 70 wt%
respectively 30 vol%, shows a high transparency allowing local cross-
linking triggered by a dual color photoinitiator. Different 3D structures
were successfully printed, washed, debinded and sintered to generate
ceramic parts, however, still showing cracks. Debinding and sintering to
non-cracked monolithic zirconia components still requires the addition
of phase-stabilizing additives such as yttrium oxide, which, however, do
not influence the optical properties of the resin in favour of its trans-
parency. Further research effort is needed to better understand this
phenomenon and find a suitable solution.
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